A double-antibody competitive-inhibition radioimmunoassay for avian groupspecific antigen is described. A viral protein preparation, consisting primarily of gs-1, was labeled with radioiodine. Hamster and rabbit antisera were reacted with the labeled antigen, and the resultant antibody-antigen complexes were precipitated with the appropriate antiglobulin. Standard curves based on the inhibition of binding of labeled antigen to antibody after preincubation with unlabeled antigen were prepared. These showed the lower limit of sensitivity to be 2 to 10 ng of unlabeled protein when labeled antigen of 2,000 to 5,000 counts per min per ng of specific activity was used in the assay. Extracts of avian oncornavirus-infected cells, likewise, were able to inhibit binding of labeled antigen. This technique will be very useful for the quantification of small amounts of oncornavirus group-specific protein.
To rigorously test current hypotheses of viral oncogenesis, one must be able to assay cells and tissues for minute quantities of viral groupspecific (gs) proteins. Although there are several methods currently in use for the detection of these proteins, these techniques are either relatively insensitive or are not readily quantifiable (6, 8, 9, (12) (13) (14) 17) . Of these methods, only complement fixation (CF) is capable of quantitive analysis of gs proteins in viruses or cells. However, in many experimental situations the sensitivity of this technique is not sufficient to allow one to draw firm conclusions about the presence or absence of gs proteins. For these reasons, it is desirable that a more sensitive assay be available for the quantification of gs proteins. As a step in this dire6tion a doubleantibody, competitive-binding radioimmunoassay has been developed in this laboratory. This assay has been found to be at least 100 times as sensitive as CF for the detection of avian oncornavirus gs antigen from virus. In addition, it has been found that this assay is capable of quantification of avian gs antigen in normal and RNA tumor virus-infected chicken embryo cells. MATERIALS AND METHODS Viral antigen. BAI strain A avian myeloblastosis virus (AMV) was purified from the plasma of acutely leukemic chicks by three cycles of alternate low (3,020 x g) and high (100,000 x g) speed centrifugation (1). The final pellet was suspended in Tris-hydrochloride buffer (JL = 0.15; pH 7.4) and made 1% with respect to sodium deoxycholate (DOC). After a 1-h incubation period at room temperature, the solution was dialyzed against 1 Antisera. The preparation of the rabbit antiserum used in these studies was described previously (6) . Hamster antiserum to avian gs antigen was purchased from Microbiological Associates (Bethesda, Md.). Goat anti-rabbit globulin was purchased from Cappel Laboratories (Downingtown, Pa.). Rabbit anti-hamster globulin antisera were prepared by monthly footpad injections of 5 mg of purified hamster globulin in incomplete adjuvant.
The antiglobulin antisera were titered for use in the radioimmunoassay in the following manner. A trace amount of 121-labeled globulin was added to a 1: 400 dilution of the normal serum to be used in the assay. This mixture (0.2 ml) was added to a tube containing 0.600 ml of BSA-PBS diluent followed by 0.200 ml of antiglobulin dilution. After overnight incubation the precipitate was removed by centrifugation and assayed for radioactivity. The greatest dilution which precipitated the maximum amount of radioactivity was used in the radioimmunoassay.
Radioimmunoassay. Determination of the appropriate titer of gs antiserum for use in competitivebinding assays was done in the following manner. To a series of tubes was added 0.500 ml of BSA-PBS, 0.200 ml of the antiserum dilution prepared in PBS containing 0.005 M EDTA and a 1:400 dilution of normal serum of the same species as the anti-gs antibody, and 0.100 ml of labeled antigen dilution. Antisera were diluted from 1: 500 to 1: 100,000, and antigen concentrations varied from 10,000 to 10 ng/ml. The mixture was incubated at 4 C for 24 h, after which 0.200 ml of the antiglobulin was added. After a second 24-h incubation at 4 C, the mixture was diluted with 3 ml of an ice-cold solution of PBS and immediately centrifuged to remove the precipitate. The supernatant fluid was decanted, the tube was inverted and drained, and the precipitate was assayed for radioactivity in a Packard autogamma scintillation spectrometer. Appropriate corrections were made for instrument background and for radioactivity nonspecifically trapped in the precipitate.
A _ The competitive inhibition radioimmunoassay was done as follows. On day 1, 0.400 ml of PBS-BSA, 0.200 ml of a dilution of antiserum capable of binding 50% of the added labeled antigen, and 0.100 ml of unlabeled standard antigen solution or unknown were added to a 13-by 100-mm test tube. Twenty-four hours later, 0.100 ml of labeled antigen was added.
After an additional 24-h incubation period at 4 C, 0.200 ml of the appropriate dilution of the antiglobulin was added. Twenty-four hours later the mixture was diluted with 3 ml of ice-cold PBS, centrifuged, and the precipitate was assayed for radioactivity as previously described.
Cell culture. Chicken embryo cells were cultured as previously described (7) with the exception that 5% newbom calf serum was used. Fertile eggs were purchased from SPAFAS, Inc. (Norwich, Conn.).
Assays for gs antigen in normal and oncomavirusinfected chicken embryo cells were carried out by suspending 10' cells in 0.5 ml of PBS. The suspension was frozen and thawed four times, the cell debris was removed by centrifugation, and 0.1 ml of the supernatant fluid was used for assay. For each assay at least three dilutions of the supernatant fluids were used to be sure of obtaining values within the linear portion of the standard curves. Known standards were run with each assay.
Immunoelectrophoresis. Immunoelectrophoretic analysis of avian oncornavirus proteins was done on microscope slides coated with 1% agar buffered with Tris-HCl (# = 0.1; pH = 8.0). Electrophoresis was for 1 h at 5 mA per slide. After electrophoresis, troughs were cut in the agar, antiserum was added, and incubation was carried out for 24 to 48 h at 37 C. Figure 1A illustrates immunoelectrophoretic patterns of DOC-disrupted AMV, as compared to the pattern obtained by the salt-fractionated proteins when assayed against rabbit antiserum prepared against the disrupted virus. Several arcs of reaction were evident with the disrupted viral preparation. The salt-fractionated prepa- ration, on the other hand, showed an apparent single line of reaction with this antiserum. In a few instances, a second faint precipitin arc was observed.
RESULTS
The contaminant, which is seen here as a very faint line just to the inside of the major precipitin arc, had a slightly higher electrophoretic mobility and diffused at a slower rate than the protein responsible for the heavy precipitin band. For comparative purposes, a reaction pattern of a disrupted viral preparation run against a high-titer hamster anti-gs antiserum is included (Fig. 1B) . From these data it appears that the purified gs preparation used in these studies is a major gs protein found in the virion and corresponds to gs-1 according to the nomenclature of Fleissner (5) .
To characterize the radiolabeled gs-antigen preparation more fully, it was chromatographed on a 90-by 1.5-cm column of Biogel A-5m. Three peaks of radioactivity were observed, only one of which had significant immunological activity when tested with hamster anti-gs immune serum. These results indicated that the antigen reacting in this system was a single component, and that the radioactivity which was not precipitated by antibody was bound to inactive protein.
To determine both the titer and relative avidity of the antiserum used in this study, titrations of the hamster and rabbit antisera were carried out by using 125I-labeled gs antigen at several different concentrations (Fig. 2, 3) . Dilutions of hamster anti-gs antibody were reacted with either 500, 100, 50, or 10 ng of labeled protein. After incubation these were precipitated with rabbit anti-hamster globulin antiserum. The results of this experiment are shown in Fig. 2 . The percentage of labeled antigen precipitated was an inverse function of the antiserum dilution as well as a function of the antigen concentration.
In our system, the tit1er of an antiserum with any given concentration of antigen was defined as the dilution of antiserum which bound 50% of the total precipitable radioactivity. From these data the titer of this antiserum ranged from 1: 1,000 with 500 ng of antigen to 1: 2,500 for 10 ng of antigen. These data also confirm the ability of this antiserum to distinguish between the concentrations of antigen used in the test, thus indicating that this antiserum, even though of relatively low titer, has a sufficient binding avidity to be used with 10 to 50 ng of antigen.
Similar data are included for the rabbit antiserum (Fig. 3) . This antiserum, which was produced by parenteral injection of the animals 10 Fig. 4 and 5. For both curves it is apparent that inhibition was directly proportional to the amount of unlabeled antigen added. The lower limit of detection of antigen was approximately 3 to 10 ng by using 125I1 labeled gs antigen with a specific acitivty of 2,000 to 5,000 counts per min per ng. If the specific activity were increased, the lower limit of detection would be expected to decrease accordingly. Table 1 illustrates the results when extracts of tissue culture cells which had been frozen and thawed four times were tested for their ability to inhibit binding of 125I-labeled gs antigen to hamster anti-gs antibody. In each instance, 0.1 ml of supernatant fluids from tissue culture cells (frozen and thawed four times) at a concentration of 2 x 106 cells per ml was used for assay. Some minor differences in antigen content of the cells infected with different virus strains was seen. The significance of these differences is being investigated.
It is of interest that pooled normal chicken embryo cells also contained a small amount of gs-1 antigen when tested by this method. Testing of cells from individual embryos has revealed a considerable variation in gs-1 antigen content. For example, in one experiment cells cultured from 3 of 15 embryos were found to be negative, whereas cells from the remaining 12 embryos were found to contain from 2 to 18 ng of antigen per 105 cells (unpublished observations). It should be stressed that the lower limit Antigen (ng) FIG. 4 of detection in these assays was 1 ng of antigen, and that negative results only indicate no antigen above that level.
DISCUSSION
Although the technique of radioimmunoassay has been used for several years for the assay of several hormones, it only recently has begun to be applied to other areas of research such as virology (2, 13, 15, 16, 18) . Since it has the advantage of increased sensitivity as compared with complement fixation, but shares the common attribute of being a quantitative method, an attempt was made to apply this technique to 739 VOL. 11, 1973 on November 1, 2017 by guest http://jvi.asm.org/ Downloaded from the quantification of avian oncornavirus antigens to study these proteins in normal and infected cells as well as virions. In this study a partially purified avian gs antigen was labeled with 125I. This preparation was used in the quantitative analysis of this protein in the virion and in infected cells as well as normal cells.
One criterion which must be met to successfully carry out a radioimmunoassay is that the antiserum to be used in the procedure be of sufficient avidity to bind very small amounts of antigen (10) . Figures 2 and 3 illustrate this point for the hamster and rabbit antisera. The curves show that these antisera are capable of distinguishing between nanogram levels of labeled antigen. Although the titer of the hamster antiserum is approximately 10-fold less than that of the rabbit antiserum, the avidity of this serum appears to be higher, as shown by the greater separation of the titration curves. This point is further born out when comparing Fig. 4 and 5. The slope of the standard inhibition curve is considerably steeper with the hamster serum, indicating that this antiserum is of higher relative avidity than the rabbit antiserum. These data illustrate the point that in radioimmunoassay work, antiserum titer is of secondary importance to antibody avidity.
When unlabeled antigen was used in a competition reaction with labeled antigen, the resulting data gave a linear plot in the region between 20 and 100% inhibition in the hamster system and 30 to 70% inhibition with the rabbit antiserum. Thus, in this concentration range it was possible to quantify the amount of antigen present in extracts of cells. Of course, this assay has a fault common to 
